Legionella oakridgensis is able to cause Legionnaires` disease, but is less virulent compared to L. pneumophila strains and very rarely associated with human disease. L. oakridgensis is the only species of the family legionellae which is able to grow on media without additional cysteine. In contrast to earlier publications, we found that L. oakridgensis is able to multiply in amoebae. We sequenced the genome of L. oakridgensis type strain OR-10 (ATCC 33761).
Introduction
L. oakridgensis was first reported in 1983 after isolation from industrial cooling towers, however, meanwhile L. oakridgensis was also found in ground water or compost facilities (Orrison et al., 1983 , Costa et al., 2005 Casati et al., 2010) . L. oakridgensis, unlike all other Legionella species, does not require additional L-cysteine for growth in media or on agar plates (Orrison et al., 1983) . Later, it was demonstrated that L. oakridgensis, in contrast to L. pneumophila, is positive for serine O-acetyltransferase and cysteine synthase activity that may explain this ability (Ewann and Hoffman, 2006) . L. oakridgensis (ATCC 33761) was reported as a non-flagellated species and no flagellin gene or protein could be detected by Southern or Western blot analysis, respectively (Orrison et al., 1983; Heuner et al., 1995) . In addition, it was shown that L. oakridgensis is alkaline phosphatase and secreted protease negative. L. oakridgensis is less susceptible to erythromycin compared to L. pneumophila (Orrison et al., 1983) . By the same authors it was also mentioned, that L. oakridgensis exhibits uncharacterized extracellular material and granula of poly-3-hydroxybutyrate (PHB).
It was demonstrated that L. oakridgensis is pathogenic for guinea pigs and therefore a potential human pathogenic species (Orrison et al., 1983; Fields et al., 1986) . In 1985 a case of human pneumonia caused by L. oakridgensis was mentioned for the first time, but in this case a L. pneumophila strain Sg6 was also identified within the patient sample (Tang et al., 1985b) . However, in a case report from the year 2000, two cases of Legionnaires` disease by L. oakridgensis were diagnosed in France and the bacteria could be isolated from the patients (Lo Presti et al., 2000) . In one case the disease was hospital acquired whereas in the second case it was community acquired, both with pleural effusion as reported earlier (Tang et al., 1985b; Chereshsky et al., 1986; Lo Presti et al., 2000) . Both patients had a previous history of immunological disorders treated with steroids, possibly rendering them more susceptible to infection. It was suggested that L. oakridgensis may have virulence factors favouring tropism for pleural tissue (Lo Presti et al., 2000) .
It was reported previously that L. oakridgensis is not able to replicate in amoebae (Acanthamoeba castellanii) (Neumeister et al., 1997) , but in Mono Mac 6 cells, in U937 cells and in co-culture with Tetrahymena pyriformis Fields et al., 1986; O'Connell et al., 1996; Neumeister et al., 1997) . Later, it was demonstrated that L.
oakridgensis is also able to replicate in epithelial cells (Vero cells) , showing characteristic serpentine chains with clusters in the centre of microcolonies. Furthermore, the authors showed that mitochondria are recruited around the bacteria-containing endosome, a feature well known from L. pneumophila (Ogawa et al., 2001 , Takekawa et al., 2012 . Recently it was published, that L. oakridgensis proliferated both inside membrane structures (endoplasmic reticulum) and in the cytoplasm (Takekawa et al., 2012) .
In the present report, L. oakridgensis was chosen for comparative analysis, since L. oakridgensis is far less pathogenic than L. pneumophila, but is still able to infect oakridgensis by mip gene sequencing using the mip gene sequence database for identification of Legionella species available at http://www.hpa-bioinformatics.org.uk/cgibin/legionella/mip/mip_id.cgi (Ratcliffe et al., 1998) . Results of genome and phenotypic analysis are presented and discussed within this report.
Materials and methods

Legionella strains and growth conditions
Legionella strains used in this study were L. pneumophila Corby (Jepras et al., 1985) , L.
pneumophila Corby ΔicmX, the cooling tower isolates L. oakridgensis ATCC 33761 (Orrison et al., 1983) and L. oakridgensis W09-391-2 (Christian Lück, Germany) and the water isolate L. oakridgensis RV-2-2007 (Christian Lück, Germany oakridgensis. All amoebae were grown at room temperature whereas the U937 cell-line was cultivated at 37 °C and 5% CO 2 .
Phenotypic assays
Enzyme activity tests were done on agar plates containing the same ingredients as BCYE agar but without charcoal. Alpha-amylase activity plates contained 0.1% starch or glycogen and cellulose-activity plates were supplemented with 0.1% carboxymethyl cellulose (CMC, Sigma-Aldrich, St.-Leon-Roth, Germany). Experiments were carried out as described previously (Herrmann et al., 2011) . Protein degrading activity was visualized on agar containing 0.9% casein (C8654, Sigma-Aldrich, St.-Leon-Roth, Germany) and 0.14% starch (Roth, Karlsruhe, Germany).
Isotopologue profiling
Isotopologue profiling using [U-13 C 6 ]glucose (2 g/l) or [U-13 C 3 ]serine (0.3 g/l) was done as described previously (Eylert et al., 2010) . In brief, 250 ml of the supplemented AYE Medium was inoculated with 2 or 1 ml of an overnight culture of L. oakridgensis ATCC 33761 or L.
pneumophila Corby, respectively. Incubation was carried out at 37 °C and 220 rpm. Cultures became stationary at OD 600= ~1.5 or at OD 600= ~2.0, respectively. Before harvesting, a culture aliquot was plated on LB agar plates to rule out the possibility of contamination. The bacteria were killed with sodium azide at a final concentration of 10 mM and pelleted at 5500 g and 4
°C for 15 min. The pellet was washed twice with 200 ml of water and then once with 2 ml of water. The supernatant was discarded, and the bacterial pellet was autoclaved at 121 °C for 20 min. Hydrolysis of proteins and PHB and conversion into volatile derivates for GC/MS analysis, dichloromethane extraction, isolation of amino acids and analysis by mass and NMR spectroscopy were done as described before (Eylert et al., 2010) .
L. oakridgensis/ amoebae replication screen on agar plates
To determine which amoeba strain is suitable to be used for replication assays, L.
oakridgensis (~10 10 cells) was suspended in 1 ml dH 2 O and 100 µl were plated onto NN-agar plates (14 g/l agar in dH 2 O). The amoeba strain (15 µl) was dropped on the centre of the plates and incubated at 23 or 30 °C for 7 days. The plates were inspected daily for movement and replication of the amoeba. A. lenticulata 45 and 118 showed no movement and were lysed whereas A. castellanii, H. vermiformis and N. gruberi were motile and not killed by L.
oakridgensis.
Intracellular multiplication of L. oakridgensis in amoebae
Infection assays using A. castellanii, A. lenticulata, H. vermiformis and N. gruberi for in vivo growth of L. pneumophila Corby and L. oakridgensis were done as described before with modifications (Brüggemann et al., 2006 , Eylert et al., 2010 . In brief, 3-day-old cultures of the amoeba strain were washed in AC buffer (PYG 712 medium without proteose-peptone, glucose and yeast extract), adjusted to 1 x 10 5 cells per ml and incubated in 24-well plates for 2 hours at 37 °C and 5% CO 2 . Stationary phase Legionella bacteria grown for 3 days on BCYE agar were diluted in AC buffer and mixed with the amoeba strain at a multiplicity of infection (MOI) of 1. After invasion for 2 h at 37°C, the amoeba cell layer was washed once with AC buffer, defining the start point of the time course experiment. The CFU of legionellae was determined at 24, 48, 72 and 96 hours by plating on BCYE agar. Unless otherwise stated, each infection was carried out in duplicates and was done at least three times.
Intracellular multiplication of L. oakridgensis in U937 cells
Transformation and infection of U937 cells was done as previously described with modifications (Liles et al., 1999 , Cianciotto et al., 1992 , Flieger et al., 2004 . For differentiation into macrophage-like cells, U937 cells were adjusted to 3 x 10 5 cells/ml and transferred in 100 ml fresh RPMI medium containing 10% fetal calf serum (10% FCS) and PMA (phorbol-12-myristate-13-acetate, Stock 1 mg/ml in dH 2 O [P-8139; Sigma-Aldrich])
was added in a concentration of 1:20000. After incubation for 36 h at 37 °C and 5% CO 2 , the supernatant was discarded and adhered cells were washed once with 10 ml 0.2% EDTA in PBS. Cells were detached from the flask bottom with RPMI + 10% FCS, transferred in 50 ml tubes and centrifuged at 800 g for 10 min. All cells were counted after trypanblue staining in a
Neubauer counting chamber and adjusted to 5 x 10 5 cells/ml with RPMI + 10% FCS. To each well of a 24-well plate 1 ml of the cell suspension was added and incubated for adhesion during 2 h at 37 °C and 5% CO 2 . Stationary phase Legionella bacteria grown for 3 days on BCYE agar were diluted in plain RPMI medium and the infection was done with a MOI of 1 (time point 0 h) for 2 h at 37 °C and 5% CO 2 . Cells were washed 3 times with RPMI and covered with 1 ml RPMI + 10% FCS. For CFU determination at various time points of infection, coincubations of U937 cells and legionellae were lysed by addition of 10 µl 10%
Saponin (S4521, Sigma-Aldrich) for 5 min and serial dilutions were plated on BCYE agar. (Reynolds 1963 ).
Electron microscopy (EM)
All samples were examined using a TEM 902 (Carl Zeiss Microscopy GmbH, Oberkochen Germany) at 80 kV, and the images were digitized using a slow-scan chargecoupled-device camera (Pro Scan; Scheuring, Germany).
SDS-PAGE and immunoblotting
Flagellin detection was carried out by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. SDS-PAGE was performed as described previously (Laemmli, 1970) . Equal amounts of Legionella, grown on BCYE agar plates to stationary phase for 3 days were diluted in PBS boiled for 10 min in Laemmli buffer and loaded onto a 12% SDS polyacrylamide gel. Western blotting was carried out by using polyclonal anti-FlaA antisera diluted in 1% milk/TBS (1:1000) (Schulz et al., 2012) . A horseradish peroxidase-conjugated goat anti-rabbit antibody was used as secondary antibody
(1:1000). FlaA was visualized by incubation of the blot with 50 ml colour reaction solution (47 ml TBS, 3 ml 4-chloro-1-naphthol and 80 ml H 2 O 2 ), and the reaction was stopped with distilled water. Results were carried out in at least two independent experiments.
Generation and screening of a L. oakridgensis ATCC 33761 Tn5 mutant collection
The EZ-Tn5™ <KAN-2>Tnp Transposome™ Kit (Epicentre, Madison, WI, USA) was used for generation of a L. oakridgensis ATCC 33761 Tn5 mutant collection according to manufacturer´s instructions and as described previously (Aurass et al., 2009) . Here, 5 µl of the transposon-transposase complexes were introduced in 80 µl competent L. oakridgensis ATCC 33761 and after 6 h of incubation with shaking at 220 rpm and 37 °C, 100 µl of the suspension were plated on BCYE plates containing kanamycin (12.5 µg/ml). Received clones were analyzed in a Scatter Screen as described previously (Aurass et al., 2009 (Markowitz et al., 2009) .
Results and discussion
L. oakridgensis is able to replicate intracellular in A. lenticulata
First we analyzed the in vitro growth of L. oakridgensis. It was reported that L. oakridgensis is not able to grow at temperatures higher than 42 °C (Orrison et al., 1983) . We analyzed growth of the three L. oakridgensis isolates and of L. pneumophila Corby at 30, 37, 40 and 42
oakridgensis and reached an optical density (OD) 600 of ~1.9 at each temperature investigated (Fig. 1A , Lpc), L. oakridgensis strains only reached maximum OD 600 of about 1.4 at 30, 37
and 40 °C (Fig. 1A , Loa, Lor and Low). After ~24 h of growth, the bacteria produced a brown pigment, indicating that the bacteria reached post-exponential growth (Warren et al., 1979) .
Growth of L. oakridgensis ATCC 33761 was better than that of strain RV-2-2007 (Lor).
However, all three isolates grew very slowly at 42 °C in comparison to L. pneumophila Corby
It was reported that L. oakridgensis is not able to multiply within amoebae (Neumeister et al., 1997 However, L. oakridgensis survived over a period of 3-5 days within these host cells . Probably, the main environmental host of L. oakridgensis still has to be identified.
In addition, we also performed infection assays with all three L. oakridgensis isolates using the human macrophage-like cell line U937. Surprisingly, L. oakridgensis strain RV-2-2007 and W09-391-2 replicated nearly as well as the L. pneumophila strain, whereas replication of L. oakridgensis ATCC 33761 was reduced compared to the other strains investigated (Fig. 1D) .
Furthermore, the infection of A. lenticulata 45 and U937 cells by L. oakridgensis ATCC 33761 was investigated by electron microscopy. L. oakridgensis replicates inside a membrane surrounded vacuole (Legionella-containing vacuole, LCV) ( Fig. 2) . In A.
lenticulata the LCV was partly surrounded by ribosomes (Fig. 2C , arrows) and in U937 cells mitochondria were found close to the LCV-membrane (Fig. 2F, arrows) , indicating that organelle recruitment to the LCV is also present in host cells infected by L. oakridgensis. The recruitment of organelles to the LCV is a phenotype which depends on a functional Dot/Icm secretion system, and is a prerequisite for intracellular replication (Horwitz, 1983; Marra et al., 1992; Berger et al., 1993; Sadosky et al., 1993; Kagan et al., 2002) . The observed recruitment of mitochondria in U937 cells has also been reported by using Vero cells as host cells (Ogawa et al., 2001 , Takekawa et al., 2012 . The same group recently published, that L.
oakridgensis proliferated both inside membrane structures (endoplasmic reticulum) and in the cytoplasm (Takekawa et al., 2012 showed no increased fitness in co-culture with U937 cells (Lautner et al., 2013 ). Yet we can only hypothesize, if the plasmids, the identified genomic islands or genes (e.g. Trb-1 and LorGI-1-like island) not present in L. oakridgensis ATCC 33761 are involved in the observed differences in intracellular replication.
Screening for virulence genes of L. oakridgensis ATCC 33761 using A. lenticulata
Knowing that L. oakridgensis is able to multiply in A. lenticulata, we generated a Tn5 mutant collection of strain ATCC 33761 and screened it for in vivo relevant virulence factors using A.
lenticulata for a Scatter Screen (Aurass et al., 2009) This is in good agreement with the finding of all components of a functional Dot/Icm system within the genome sequence (see below). Interestingly, both dotD mutant strains investigated
were not able to replicate in A. lenticulata, but they showed only reduced intracellular replication within U937 cells (Fig. 3) . In L. pneumophila, the dotD mutant strain was shown to be unable to replicate in A. castellanii and in HL-60-derived human macrophages (Yerushalmi et al., 2005) . We identified a lipobox-motif in the N-terminus of DotD ("ITGC"), as well as in the DotC ("LIGC") and the IcmN ("MTGC") protein, shown to be necessary for the function of DotC and DotD in L. pneumophila (Yerushalmi et al., 2005 (Mougous et al., 2002) and they are involved in cell-cell interactions, host-pathogen interactions, extracellular traffic or in root modulation by Rhizobia (Hanin et al., 1997; Negishi et al., 2001; Mougous et al., 2002; Kusche-Gullberg et al., 2003; Del Papa et al., 2007) .
Gene loa2257 encodes a glycerol-3-phosphate dehydrogenase (GpsA, NADPHdependent). This protein generally is involved in the metabolism of glycerol. The mutant (ΔgspA) was not able to replicate in A. lenticulata, but growth within U937 cells was only reduced (Fig. 3) . This is the first experimental hint, that glycerol metabolism in Legionella is important for intracellular replication. Recently, it was published that glpD encoding for another glycerol-3-phosphate dehydrogenase (NADH-dependent) is upregulated during intracellular growth in human macrophages (Faucher et al., 2011) . A Listeria monocytogenes glpD deletion mutant shows reduced intracellular growth (Schauer et al., 2010) . Together, this
indicates that the metabolism of glycerol is also necessary for full in vivo fitness of
Legionella.
Gene loa2771 encodes for a GTP-binding protein A (BipA) which seems to be necessary for the fitness of L. oakridgensis in co-culture with A. lenticulata (Fig. 3A) . In summary, the data suggest that the identified genes might play an important role for the intracellular multiplication of L. oakridgensis.
Phenotypic characterization
Growth without cysteine L. oakridgensis is described as the sole species of Legionella to be able to grow without additional cysteine within the culture media. L. jordanis also seemed to be able to grow in such a medium, but growth was very poor (Orrison et al., 1983) . We first analyzed all three isolates for their ability to grow on such BCYE agar plates. As expected, we found that the isolates investigated were able to grow, in contrast to L. pneumophila (Fig. S2A ). We were able to identify two putative serine-O-acetyltransferases (loa0042 and loa2106) and a cysteine synthase (loa0120) within the genome sequence of L. oakridgensis, which may explain the ability to grow on agar plates without additional cysteine. To prove the functionality of loa0042 and loa2106 further experiments are needed. However, the enzymatic activity of serine-O-acetyltransferase and cysteine synthase was demonstrated in lysates of L.
oakridgensis ATCC 33761, but not in lysates of L. pneumophila (Hoffman, 1984 , Ewann et al., 2006 . As mentioned above, L. oakridgensis ATCC 33761 exhibits the genes to generate PAPS from sulfate, as well as a PAPS-reductase (loa0054; cysH) and a PAPS-phosphatase (loa0066; CysQ). However, no sulfite reductase was annotated within the genome.
Cellulose-, glycogen-, starch-and protein-degrading activities
We also analyzed the isolates for their ability to degrade cellulose, glycogen and proteins. We found cellulose-degrading activities in the pellet and supernatant fractions of L. oakridgensis in comparable amounts as in the L. pneumophila strain (Fig. S2D) . In contrast to L.
pneumophila Corby, all three L. oakridgensis isolates were negative for starch-and glycogendegrading activities (Fig. S2E and data not shown). In the first report it was described, that L.
oakridgensis exhibits low protease activity (Orrison et al., 1983) . L. oakridgensis is able to degrade proteins (casein), but the activity found in the supernatant was low compared to L. pneumophila (Fig. S2F ). In the genome sequence of L. oakridgensis we identified homologs of MspA (Loa0778) and LasB (Loa2804), both exhibiting a putative signal sequence and all components of a putative functional T2SS are present.
Properties of the metabolism
We recently demonstrated that L. pneumophila is able to metabolize glucose via the EntnerDoudoroff pathway and that this pathway is a fitness factor of L. pneumophila (Eylert et al., 2010 C 3 ]serine was transferred to some amino acids at amounts which were similar to the corresponding experiment with L. pneumophila Paris, with the exception that a higher amount of the added [U-13 C 3 ]serine was directly used for protein synthesis (Fig. 4) . Similar to L.
pneumophila, 13 C from labelled serine was also found in PHB from L. oakridgensis, a general energy and carbon storage compound of bacteria (Fig. 4) . Notably, 13 C-excess in PHB was significantly higher in L. oakridgensis. The features of this section will be further discussed in the next part of the manuscript (see below)
Whole genome sequence analysis
General features of the genome
Sequencing of the genome of L. oakridgensis ATCC 33761 revealed that it consists of 2.77 x (Fig. S3A) . The major part of this DNA encodes for non-ribosomal peptide synthases and three different Tn/IS elements (data not shown).
L. oakridgensis ATCC 33761 and RV-2-2007 exhibit a similar IncF-like plasmid (par and tra region, 93 and 88 % DNA identity, respectively) but the plasmids are different within region II (Fig. S4) . The plasmid of strain ATCC 33761 (50245 bp, 43 ORFs) contains a replication site, a tra region and genes encoding proteins putatively involved in metal ion resistance (Fig. S4A) . The IncF plasmid of strain RV-2-2007 (64418 bp, 51 ORFs) contains a replication site and a tra region (Fig. S4B) . Furthermore, it encodes an additional type-I modification-restriction system not present at the plasmid of L. oakridgensis ATCC 33761.
Similar plasmids have also been described for L. pneumophila Paris and Lens (Cazalet et al., 2004) . In general, plasmids are described for L. micdadei, L. longbeachae, L. gormanii and L.
dumoffii, but less is known about the role of plasmids in legionellae (Heuner et al., 2002b) .
Protein secretion systems L. pneumophila genomes encode multiple protein secretion systems (DeBuck et al 2007; Lammertyn et al., 2004) . As in L. pneumophila, all genes of the general secretion system (Sec), the twin arginine translocation (Tat) system, T1SS Lss, T2SS Lsp and the Dot/Icm T4BSS are present at the genome of L. oakridgensis, exhibiting an overall DNA identity of about 70% to the corresponding systems of L. pneumophila. The T1SS Lss encodes homologs of the lssXYZA genes with a similar gene order and composition up-and downstream compared to the lss operon of L. pneumophila (Jacobi et al., 2003) . However, the genes lssBDE are absent from the genome sequence (Fig. 5A) . Similar results have been reported previously for other non-L. pneumophila species (Jacobi et al., 2003; Kozak et al., 2010) .
There is also a complete Sec and Tat system, as well as all components of the T2SS and the Dot/Icm secretion system present in L. oakridgensis (Tab. 2 or Fig. 5B-D) . The T2SS seems to be functional, since we were able to detect protease activity in the supernatant of L.
oakridgensis cultures. In L. pneumophila, the T2SS is essential for L. pneumophila virulence (Rossier et al., 2001; Cianciotto, 2005; De Buck et al., 2007) .
As reported for L. pneumophila Paris (Cazalet et al., 2004) , L. oakridgensis seems to exhibit a T5SS, a putative outer membrane autotransporter protein with no significant identity to any known Legionella protein (Fig. 5E ). Gene loa2004 encodes for a protein of 995 amino acids homolog to an autotransporter of Polynucleobacter necessarius and a hemagglutinin related protein of Janthinobacterium sp. Marseille. The autotransporter protein exhibits a putative N-terminal signal peptide, seven parallel beta-helix repeats, often found in enzymes with polysaccharide substrates, and a C-terminal autotransporter beta domain. Yet, we do not know, if this gene encodes a functional autotransporter.
We also identified a putative type 4 pilus (Tfp) and a mannose-sensitive hemagglutinin-like pilus (Msh) system (Fig. 5F, G) . L. pneumophila Tfp proteins promote the attachment to host cells, are required for natural competence, for twitching motility and are involved in biofilm formation (Stone et al., 1998; Stone et al., 1999; Coil et al., 2009; Stewart et al., 2009; Coil et al., 2010) . The core components necessary for a functional Tfp pilus are present within the genome sequence of L. oakridgensis. The second Tfp system encodes a putative mannose-sensitive hemagglutinin (MSHA)-like pilus. These flexible peritrichious pili were shown to be involved in the attachment of Pseudoalteromonas tunicata to surfaces of green alga or other eukaryotes (Dalisay et al., 2006) . For Vibrio cholerae, the MSHA-pilus was shown to be involved in the adherence to zooplankton (Watnick et al., 1999; Chiavelli et al., 2001; Meibom et al., 2004 ). Yet, we do not know if the MSHA-like pilus of L.
oakridgensis is expressed and if it is involved in the attachment to biotic or abiotic surfaces.
As mentioned above, L. oakridgensis ATCC 33761 exhibits the T4ASS Lvh on a genomic island integrated into the tmRNA containing three different direct repeats (Fig. 6A,   B ). The Lvh island of L. oakridgensis exhibits an additional region 2/III (Fig. 6A) containing genes for a DNA-restriction/modification system. The DNA of the island is 96-99% identical to the Lvh-encoding region of L. pneumophila strain Lens. As mentioned above, the DNA identity of the other secretion systems was only ~70%. This corroborates that horizontal transfer of the island between different Legionella species may exist. Surprisingly, the genome of L. oakridgensis RV-2-2007 does not exhibit this Lvh-island, but instead it contains the T4ASS Trb-1 island integrated into the tRNA-Pro gene (Fig. 6C, D) . The DNA of this island is 91-98% identical to the trb/tra region of the Trb-1-encoding island of L.
pneumophila Corby, but region 1/II of Trb-1 of L. oakridgensis differs from that of L.
pneumophila Corby (Fig. 6C ). This result again indicates that Trb-1 is able to be transferred horizontally between Legionella strains, as it was shown recently by an in vitro experiment (Glöckner et al., 2008) . Using inverse PCR, we demonstrated that region 2/IV is part of the Lvh island and that both islands (Trb-1 and Lvh) can also exist in their excised episomal form (data not shown), as it is described for L. pneumophila (Glöckner et al., 2008; DoleansJordheim et al., 2006) .
Strain RV-2-2007 exhibit an additional genomic island (LorGI-1, ~70,608 bp, ~80
ORFs), encoding a putative genomic island-associated T4SS with homology to LpcGI-1 of L.
pneumophila Corby (lpc2190 to lpc2314, Lautner et al., 2013) . The island seems to be integrated into the tRNA Met gene and we yet identified three integrases, several cation efflux systems (helABC, copA, cepABC, and ctpA) , the putative T4SS encoding region and the regulatory operon lvrRABC. The overall DNA identity is 82-85% to the corresponding regions of L. pneumophila Corby, Paris, Lens or 130b (data not shown). However, yet we were not able to identify the repeat (attR), defining the right site of the integrated LorGI-1 island within the draft genome of strain RV-2-2007. A similar region is also present in the L. pneumophila genomes, encoding various genes involved in heavy metal transport or resistance (Schroeder et al., 2010) . T4SS are believed to be capable of the transport of proteins and nucleic acids into cells (Nagai et al., 2003; Juhas et al., 2008; Voth et al., 2012) . With the exception of the lvh genes, all mentioned genes of the different secretion systems of L. oakridgensis ATCC 33761 were also present in the same gene order in strain RV-2-2007 (data not shown).
The Dot/Icm secretion system, effector proteins and eukaryote-like proteins
We demonstrated by electron microscopy that after infection with L. oakridgensis ribosomes respectively mitochondria were found in close proximity to the LCV-membrane. We also identified all genes of the Dot/Icm secretion system (T4BSS) within the genome sequence of L. oakridgensis and our experimental data revealed that this system is functional (see above).
The genomic organisation of the Dot/Icm secretion system (T4BSS) of L. oakridgensis is similar to L. pneumophila, with the exception that icmV is localized adjacent to dotA (Fig.   5D ). oakridgensis homologs of the effectors LidA and SdhA are present which are known to be involved in the recruitment of secretory vesicles to the LCV and in inhibition of host cell death, respectively (Derre et al., 2005; Laguna et al., 2006) . In addition, the genomes of L.
pneumophila strains encode a large number of eukaryote-like proteins and of proteins with eukaryote-like domains , Nora et al., 2009 . In the genome of L. oakridgensis ATCC 33761, we identified 14 genes encoding eukaryote-like proteins without and 43 with a homolog in a Legionella strain (Tab. 3). We identified various proteins (35) with domains preferentially found in eukaryotic proteins: putative proteins containing a TPR-domain (11), several with an ankyrin repeat (10), one F-box containing protein, two Ser/Thr kinases, three proteins exhibiting a SNARE domain, three with a Sel1-repeat, three with a SET domain and one Tyr-phosphatase. However, we could not identify any U-box or 10/22-29, F-box: 1/3, Sel-1: 3/3). However, the overall amount of eukaryote-like proteins is comparable to the amount identified in L. longbeachae (Cazalet et al., 2010; Kozak et al., 2010) . All the mentioned proteins are known to be involved in the pathogen-host interplay during the intracellular replication of L. pneumophila Hubber et al., 2010; Lurie-Weinberger et al., 2010; Gomez-Valero et al., 2011) .
L. oakridgensis seems to have a very limited set of hosts and replicates significantly slower compared to L. pneumophila Corby. This may be in accordance to the low amount of effector proteins and eukaryote-like proteins (total ~80) identified, when compared to what is known for L. pneumophila (>300 effector proteins) (Vogel et al., 1998; Vincent et al., 2006; Burstein et al., 2009; Hubber et al., 2010) . A recent in silico analysis of genome sequences revealed a core set of approximately 107 effector proteins present in L. pneumophila strains (Schroeder et al., 2010) . However, the available set of effectors and of eukaryote-like proteins seems to be sufficient for intracellular replication of L. oakridgensis within a macrophage-like cell line and to cause Legionnaires` disease.
Virulence genes, gene regulation and the flagellar regulon L. oakridgensis was shown to be pathogenic for humans. Therefore, we also investigated the genome sequences of both strains for known virulence genes and regulators. We could identify various known virulence factors of L. pneumophila (e.g. Mip, Msp, LasB, Hsp60, EnhABC, MviN, Tab. 4). In addition, via the above mentioned Scatter Screen we identified three new virulence genes of L. oakridgensis (bipA, gspA, loa2026) yet not known to be involved in the virulence of Legionella species.
Furthermore, we identified the common set of regulatory proteins known from other Legionella strains (e.g. CsrA, Hfq, LetAS, LetE, RpoS, RpoD, RpoH, RpoN, FliA, PilSR, PmrAB, CpxAR, RelA and SpoT) (Tab. 4). Therefore, the proposed model for the regulatory network of L. pneumophila (Jacobi et al., 2004; Molofsky et al., 2004; Heuner and AlbertWeissenberger, 2008; Albert-Weissenberger et al., 2010; Dalebroux et al., 2010) seems to be transferable to L. oakridgensis, since the regulatory genes (CsrA, LetA, LetS, LetE, RpoS, RelA, SpoT), known to be involved in the regulation of the switch from exponential to stationary phase (life-cycle), and regulators such as RpoN, PmrA/B and CpxR/A are also present in L. oakridgensis. We did not identify a homolog of fleQ or fleR within both genomes.
Using electron microscopy, we could corroborate that strain ATCC 33761 is nonflagellated and the flagellin could not be detected by Western blot analysis with a flagellinspecific antiserum in any of the three strains investigated (Fig. S2B and C) . This is in agreement with the observation of the first report about L. oakridgensis (Orrison et al., 1983) .
Although the three L. oakridgensis strains investigated were flagellin negative, we screened both genome sequences for the presence of genes of the flagellar regulon. We detected the alternative sigma factor-28 FliA, its negative regulator FlgM (Anti-sigma-28 factor) and the alternative sigma factor-54 RpoN. However, all other genes of a complete flagellar regulon Albert-Weissenberger et al., 2010) were absent (Fig. 7) . In contrast to L. longbeachae, another aflagellated strain (Heuner et al., 1995; Cazalet et al., 2010; Kozak et al., 2010) , also the master regulatory protein FleQ and the regulators FleR, FleS and FleN are missing in the L. oakridgensis genomes (Fig. 7) . This indicates that these regulators are not necessary for L. oakridgensis survival and virulence, although it was shown for L. pneumophila that FleQ and FleR are involved in the regulation of virulence genes (Heuner et al., 2002a; Brüggemann et al., 2006; Albert-Weissenberger et al., 2010; Schulz et al., 2012) . The presence of the direct regulator of the flagellin gene expression FliA (Heuner et al., 1997) indicates the importance of this alternative sigma factor for Legionella. However, generally the anti-sigma-28 factor FlgM is secreted via a functional basal body of the flagellum to induce FliA activity and therefore the expression of FlaA.
Since there is no basal body present in L. oakridgensis, the mechanism of the interaction between FliA and FlgM must be different in this strain. For L. pneumophila it is known that FliA is involved in the establishment of infection, the cytotoxicity to BMMs and for the in vivo fitness of L. pneumophila (Hammer et al., 1999; Hammer et al., 2002; Heuner et al., 2002a; Molofsky et al., 2005; Schulz et al., 2012) . Furthermore, transcriptome studies of L.
pneumophila Paris identified several genes belonging to the FliA regulon that do not play a role in flagellar gene regulation or flagellum assembly (Albert-Weissenberger et al., 2010) .
We started to knock out the fliA gene of L. oakridgensis to analyse the function of FliA without the disruptive influence of any other gene involved in flagellar gene regulation or flagellum assembly. Yet, L. pneumophila was shown to be flagellated but exhibits no chemotaxis genes and L. longbeachae to be non-flagellated but to exhibit a putative chemotaxis gene cluster. L. oakridgensis is now the first Legionella species shown to be nonflagellated but also negative for chemotaxis genes.
Major pathways of the metabolism, carbohydrate utilization and investigated phenotypes
We also screened the genome sequence of L. oakridgensis for genes involved in the degradation of carbohydrates and for general metabolic pathways. We identified the genes of a complete glycolysis pathway (EMP), the Entner-Doudoroff (ED) and the Pentose Phosphate (PP) pathway as well as of a complete citrate (TCA) cycle (Tab. 5). Similar to L.
pneumophila, no homologs of the gluconate-6-phosphate dehydrogenase (Gnd) and transaldolase could be identified and the glyoxylate cycle seems also to be absent. In contrast to L. pneumophila, L. oakridgensis exhibits a fructose-2,6 bisphosphatase (loa2092), putatively involved in glycolysis or gluconeogenesis (Tab. 5). In addition, within the zwf operon of L. oakridgensis, a homolog of the glucose transporter protein (Lpp0488) is lacking and the glucoamylase gene (gamA) and its putative regulator yozG are also missing. This may explain the inability of L. oakridgensis to degrade starch and glycogen. GamA was shown to be responsible for glycogen-degrading activity in L. pneumophila (Herrmann et al., 2011) . In addition, our isotopologue profiling experiments demonstrated that L. oakridgensis, in contrast to L. pneumophila, is not able to use supplied glucose as a carbon source for de novo synthesis of amino acids or PHB. This is in good compliance with the absence of the glucose transport protein Lpp0488 in L. oakridgensis, present in the zwf operon of L. pneumophila (Eylert et al., 2010; Harada et al., 2010) . However, we could identify genes encoding a chitinase (loa2513) and two endoglucanases (loa1304 and loa1565) explaining the observed ability of L. oakridgensis to degrade cellulose (Tab. 4). In addition, whereas a homolog of the glucose transporter of Lpp0488 is missing, several putative sugar phosphate permeases are present (loa0545, loa1948, loa2006, loa2190, loa2450, loa2451, loa2474, loa2475 and loa2618) .
Using serine as a 13 C-labelled carbon source for in vitro growth, we found a similar pattern of 13 C-labelled amino acids and PHB as for L. pneumophila (Eylert et al., 2010 and Fig. 4) , demonstrating that L. oakridgensis uses serine as a carbon source for the de novo synthesis of amino acids and PHB. However, in contrast to L. pneumophila, a higher amount of added serine was incorporated directly into proteins and the mol% of 13 C of PHB in L.
oakridgensis was higher than in L. pneumophila (Eylert et al., 2010 Within each block there is a similarity profile of the DNA sequences. White areas indicate that the sequences are specific to a genome. 
